The nonenzymatic synthesis of nucleic acids, in particular, RNA, and the template-directed synthesis of artificial organic molecules, such as macrocycles, catenanes and rotaxanes, have both undergone significant development since the last half of the 20 th century. The intersection of these two fields affords insights into how template effects can lead to information copying and storage at the molecular level. Mechanistic examples of model template-directed RNA replication experiments as well as those for totally artificial organic template-directed syntheses will be discussed. The fact that templates typically bind to their reacted products more tightly than their unreacted substrates may be a mechanistic feature necessary to store information in the form of nucleic acids. Understanding the mechanisms of nonenzymatic RNA synthesis is not only essential for testing the RNA world hypothesis in the context of the origin of life on Earth and other planetary bodies, but may one day afford chemists the insights to construct their own artificial molecular replicators.
Introduction
What can be learned about the origins of life on Earth from artificial template-directed synthetic protocols? The RNA world hypothesis supposes [1, 2] that before the emergence of DNA or proteins, RNA was performing both of their functions -carrying out enzymatic processes [3, 4] while simultaneously serving as its own template for genetic replication from one generation of "protocells" [5, 6] to the next. At the very origin of life, before any molecular machines had evolved to assist in the replication of genetic material, how could information in the form of RNA have been successfully copied and transmitted? One possibility [7] is that the first protocells capitalized on the ability of RNA to selectively direct the position and orientation of incoming monomers through base pairing and stacking alone, circumventing the need for enzymes. The catalytic enhancements derived from nothing more than these template effects may have initiated the minimal mechanisms needed for Darwinian evolution to occur, a primitive state that eventually gave way to modern systems of genetic replication, wherein the role of RNA remains [8] as a remnant of that time. A fundamental understanding of the mechanisms of nonenzymatic template-directed RNA replication (Scheme 1) will provide key insights into the origins of life on Earth.
The last 60 years have seen great advances [9] [10] [11] [12] in the development of artificial template-directed protocols in synthetic organic chemistry, in particular for generating macrocyclic compounds and mechanically interlocked molecules (MIMs) such as catenanes, rotaxanes and knots. The focus of this PAC review will be the mechanistic features of synthetic organic template-directed protocols as well as those of nonenzymatic nucleic acid replication. Both share the same fundamental characteristics with respect to their mechanisms, and each area of research can provide valuable lessons for improving the state of the art of the other. An understanding of the template-directed mechanisms of synthetic and nucleic acid-based chemistries will help chemists design their own artificial molecular replicators, as well as shed light on the origins of life on Earth. From a planetary science perspective [13, 14] , the development of totally artificial template-directed, information-encoding protocols will provide insight into the feasibility of alternative chemistries of life operating on planetary bodies other than the Earth. Selected examples of template-directed mechanisms will be discussed.
Fundamentals of template-directed syntheses Definitions
The dictionary definition of a template is "anything that determines or serves as a pattern." In the context of biochemistry, the IUPAC Gold Book defines [15, 16] a template as "the nucleic acid single strand that is copied during replication." This definition implies the transmission of information -the (complementary) molecular structure is being copied as well as the information encoded within that gives rise to function [17] . In the context of synthetic chemistry, the IUPAC Gold Book does not provide a definition of a template. Paraphrasing the Wikipedia entry for artificial template-directed synthesis, a template uses noncovalent bonds to Scheme 1 Schematic example of template-directed RNA synthesis. The first step involves binding of activated monomers (red) to their complementary positions on the template strand (black). Following the initial binding step, the monomers react sequentially with a rate constant k T enhanced by the template.
LG stands for "leaving group."
hold together a substrate or substrates placing their respective reactive sites in close proximity to each other, thereby facilitating a desired covalent reaction. This definition is harmonious with the one provided by Busch [18] in 1992: "a chemical template organizes an assembly of atoms, with respect to one or more geometric loci, in order to achieve a particular linking of atoms." On the surface, these definitions do not seem to have much to do with the copying of information. Are these two conceptual definitions of a template -information storage and spatial localization and organization of reactants -(Scheme 2) fundamentally different from each other? How do these two different concepts of a molecular template relate?
Information theory, which is often applied [17, [19] [20] [21] [22] to oligonucleotide copying, can help provide answers to these questions. The information encoded by a nucleic acid template can be defined [21] as the mutual information, which is equal to the difference in entropy between the initial state, in which the monomeric activated nucleotides are randomly distributed in solution, and the final state wherein they are bound to the template in an ordered sequence through specific noncovalent interactions, i.e., Watson-Crick pairing. In mathematical terms [21] :
where T is the sequence of the template strand and X is its complement to be copied, I(T, X) is the mutual information content and ΔS(T, X) is the change in entropy upon monomer binding. The polymerization step via phosphodiester bond formation, which occurs after the initial binding step does not change the sequence of the monomers and so is not considered in the calculation of mutual information. Nevertheless, it is still extremely important for preserving the information after removal of the template. In essence, the information content can be thought as equal to the decrease in entropy brought about by the noncovalent binding of the monomers to the template.
Synthetic template-directed protocols
Synthetic template-directed protocols can be applied [23, 24] in two basic strategies using either thermodynamic or kinetic control. A thermodynamic template influences the thermodynamic distribution of products in a reaction involving totally reversible steps, while a kinetic template favors a specific product by speeding up one or more of the irreversible steps in the reaction pathway leading to that product. The focus of this review is on the kinetic template effect in organic synthesis as this is the most relevant to nonenzymatic RNA replication. For a review [25] of thermodynamically controlled template-directed syntheses, see the reference cited.
Scheme 2 The concept of a molecular template carries with it implications of (1) information storage from the perspective of a molecular biologist, and (2) from the point of view of a supramolecular chemist, a chemical species which uses noncovalent bonds to order two or more substrates in close proximity facitlitating their covalent reaction. These two concepts of a template are related to each other through entropy.
Template-directed strategies in organic synthesis have undergone substantial development, particularly in response to the challenge of making macrocycles and MIMs [26] in high yields. Kinetic template-directed protocols have employed a large range of noncovalent interactions to hold together the template and reactive substrates. These templation strategies make use of a wide range of noncovalent bonding interactions, including hydrogen bonding [27, 28] , π-π donor-acceptor forces between π-electron-rich and π-electron-poor species [29] , metal-ligand coordination [30, 31] and radical pairing [32, 33] .
Consider one of the early examples [34] (Fig. 1a) of synthetic template-directed protocols reported [35] [36] [37] [38] [39] [40] for crown ethers that makes use of alkali and alkaline earth metals. Following the initial synthesis of crown ethers by Pedersen [41] came the realization that the same metal salts with which these macrocyclic polyethers formed stable complexes could increase the yield of the final ring-closing step. The Mandolini group found that these increased yields [42] were the result of a kinetic effect, i.e., certain metal salts speed up the rate [34] of macrocyclization, while other salts actually slow it down.
Take the case [34, 43] of the crown ether benzo-18-crown-6 (B18C6). The rate of the final ring-closing step of the o-HOC 6 H 4 (OCH 2 CH 2 ) 5 Br oligomeric precursor 1 (Fig. 1b) is accelerated by Na + and K + ions but not so for Li + ions. The degree of acceleration also depends on the amount of ion in solution, eventually reaching a plateau regime past a certain concentration, and the metal ions which bind the strongest to the B18C6 product also give the greatest rate accelerations during the syntheses. The observed rate constant k obs varies with concentration of the metal template according to the following equation which can be derived [43] from the mechanism shown in Fig. 1a :
Fig. 1 (a)
The template-directed mechanism of B18C6 synthesis by monovalent metal cations. The metals coordinate to the oligomeric precursor 1, forming the 1⊂M + complex and placing the phenoxide anion in close proximity to the alkyl bromide. The metal salts accelerate the reaction by binding more tightly to the transition state leading to an enhanced rate constant k T in comparison to the untemplated rate constant k 0 . (b) Kinetic data showing the rate enhancement for B18C6 synthesis by different monovalent salts as their concentrations are increased. In the case of Li + , the rate is actually decreased as a consequence of the fact that Li + binds less tightly to the transition state. The "⊂" symbol carries the meaning "complexed with". Data reprinted with permission from [34] . Copyright 1983 American Chemical Society.
where k 0 is the rate constant for the untemplated reaction, k T is the rate constant for the templated reaction, K GS is the binding constant of the substrate in the ground state and γ is an activity coefficient. The metal ions act to coordinate to the O atoms and organize the oligoethers through multiple noncovalent [M + ···O] bonds, in addition to electrostatic interactions, ordering the ether chains in an optimal conformation in which to react and form the final B18C6 product. As a result, the B18C6 macrocyclic polyether is then preorganized [44] to bind to that metal ion which templated its synthesis -a fact which implies template-enhanced rates can be coupled to the formation of preorganized products that consequently bind the template more tightly than the substrate. These studies helped to provide a quantitative kinetic understanding of the template effect.
Nonenzymatic template-directed replication of nucleic acids
The replication of RNA without the aid of enzymes or any other information-encoded molecule is an essential [45] premise of the RNA world hypothesis. The template-directed replication of RNA occurs on a preformed RNA strand. Complementary, activated nucleotide monomers or oligomers react with each other forming 3′-5′ phosphodiester linkages, although 2′-5′ linkages [46] can also result. The most well-studied experimental procedures employ [47] 5′-phosphoro-2-methylimidazolides as activated monomers at pH ∼ 8 in the presence of MgCl 2 and NaCl. For more information about nonenzymatic RNA [1, 2, 7, 47, 48] and nucleic acid replication [49, 50] in general, see the references cited.
Take for example one of the earliest reported [51] nonenzymatic nucleotide replication experiments (Fig. 2 ) by Naylor and Gilham in 1966. Using the more available deoxy substrates and templates at the time, they first showed that thymidine oligonucleotides associated with polyadenylic acid. Then, they conducted an experiment which demonstrated that the carbodiimide-activated ligation between two T 6 thymidine hexanucleotides, forming a T 12 dodecanucleotide, is facilitated by the presence of an A 12 dodecanucleotide Fig. 2 The template-directed ligation of two DNA thymidine hexamers T 6 bound to a dodecamer A 12 template. The first step involves Watson-Crick pairing of two T 6 hexamers onto the A 12 template forming the A 12 ⊂2T 6 complex, followed by addition of water-soluble carbodiimide derivatives which activate the 5′-phosphate of the T 6 hexamer. The 3′-hydroxyl of the adjacent T 6 hexamer can attack at an enhanced rate by virtue of being bound to the template.
template. If no A 12 template is added to the solution, then the T 12 product is not observed. In other words, the template has the effect of increasing the rate of ligation, by first binding to the two T 6 hexanucleotides and organizing them for reaction.
In a more quantitative study, Kanavarioti and coworkers investigated [52] to what extent a template accelerates the rate of formation of a phosphodiester linkage between two nucleotides. They looked at the rate of guanosine dimer formation (Fig. 3a) from guanosine 5′-phosphate-2-methylimidazolide (2-MeImpG) in the absence and presence of polycytidylate (PolyC) as a template. In the absence of the PolyC template, two molecules of 2-MeImpG form three different dimers -3′-5′ linked, 2′-5′ linked and pyrophosphate linked. The average rate constant of untemplated dimerization k 0 for these three processes was determined to be 4.2 × 10
, and the plot of the initial rate of total dimer formation versus the total monomer concentrations reveals a straight line. In the presence of a PolyC template (Fig. 3b) , the majority of the dimers are 3′-5′ linked. A plot of the initial rate of dimer formation versus the total concentration of 2-MeImpG no longer gives a linear relationship, but instead gives a curve which is likely sigmoidal -a consequence of cooperative binding of the 2-MeImpG monomers to the PolyC template. By evaluating the data against various different mechanistic models which make the assumption of cooperativity, the authors concluded [52] that the intrinsic rate constant for dimerization on the template k T is 18 × 10
, an increase of about 4.3 fold over the untemplated reaction. The ratio of the initial rates of reaction for 3′-5′ linked dimerization on the PolyC template (9 × 10 −3 M h 
Kinetic templates bind the transition state
The role of a kinetic template is to select the desired reaction pathway by lowering the kinetic barrier to formation of the respective product. In this sense, the template behaves in a fashion similar to a catalyst or an enzyme. When an enzyme binds the substrate(s), and then facilitates a reaction, it does so by binding more tightly to the transition state than the ground state. This idea of enzyme catalysis by tighter transition-state binding was first hypothesized [53] by Linus Pauling in 1948 and later was verified by experiment. According to transition state theory [43] , the ratio of the catalyzed rate constant k c to the uncatalyzed rate constant k 0 is equal to the binding constant of the enzyme to the transition state K ‡ divided by the binding constant to the ground state K GS , or:
If an enzyme is to accelerate the rate of a reaction, it must bind the transition state more tightly than the ground state. Likewise, so must a template, (Fig. 4) . The Mandolini group [34] demonstrated experimentally this concept, that an efficient template also will bind more tightly to the transition state than the ground state, and this is the reason for the accelerated rate of reaction. They showed that the same principle of tighter transition-state binding (Fig. 1 ) is at play with the template-directed synthesis of crown ethers. This formalism explains why different metal cations accelerate the rate of reaction to different degrees, while some actually slow down the rate of reaction. The size of the metal dictates the specific conformation of the superstructure, an ordered complex which in turn determines the relative affinity to the transition state. Equation (2) is implicit in eq. (1), and can be seen readily by dividing both sides by k 0 and replacing k c with k T . The ratio k T /k 0 is often referred [49] to as the effective molarity, but is formally attributable [54] to either entropic or enthalpic lessening of the energy needed to reach the transition state brought about by the template.
Later on, the Ercolani group [55] [56] [57] [58] [59] [60] [61] demonstrated in multiple instances over the course of a decade that the same principle holds true in the template-directed synthesis of the π-electron-poor tetracationic cyclobis(paraquat-p-phenylene) (CBPQT 4+ ) ring, first reported [62] by the Stoddart group, using a variety of π-electron-rich donors as templates. These donors bind more tightly to the transition state involving the final S N 2 reaction that leads to the cyclized product than they do to the acyclic substrate, and so accelerate the rate of reaction.
In one study, Ercolani et al. [57] performed a kinetic selection experiment (Fig. 5 ) between two different templates T1 and T2 with the same acyclic precursor 3 3+ in the template-directed synthesis of the [2] catenanes C1 4+ and C2
4+
. Each macrocyclic polyether T1 and T2 possesses different binding affinities K T1 and Fig. 4 Reaction coordinate profiles depicting the action of a template T on a substrate S leading to product P. The reaction profiles before and after template binding to the substrate are shown. The template acts to accelerate the reaction by binding more tightly to the transition state, ΔG(K ‡ ), than to the ground state, ΔG(K GS ).
K T2 to the acyclic substrate as well as different template-accelerated rate constants k T1 and k T2 . Assuming that both of the templates are in large excess such that their concentrations do not change significantly throughout the course of the reaction, then the product ratio of the two different [2] catenanes formed from the two competing templates is:
This equation very elegantly shows that the relative amount of catenanes C1 4+ and C2 4+ formed, given equal amounts of the T1 and T2 templates are present in solution, depends not only on the relative binding constants of the acyclic precursor 3 3+ to the templates, but also on the relative rate enhancements produced by each template. By dividing the numerator and denominator by k 0 , one can see that the relative amount of C1
4+ and C2
4+ catenanes formed is proportional to the ratio of the respective transition-state binding constants.
Template-product dead ends
In the case of a synthetic kinetic template, the reacted product typically binds stronger than the unreacted substrates. This is likely a consequence of the preorganized [44] structure of the product that is generated from the templated synthesis. In a mechanistically similar fashion, an oligonucleotide template with multiple binding sites reacts until each site in the sequence is copied with its complementary nucleic acid. At the end of the reaction sequence, the template forms a very stable duplex with the preorganized complementary strand. These products of template-directed reactions are trapped [7] in a thermodynamic dead end, with no way to escape, unless an additional source of energy is applied to the system that disturbs the equilibrium.
To illustrate this dead-end effect, consider one of the early examples of oligonucleotide templatedirected synthesis, in this case DNA, demonstrated (Fig. 6 ) by von Kiedrowski and coworkers [63, 64] . Von Kiedrowski employed a self-complementary hexamer DNA template HEX and reacted in its presence two trideoxynucleotides TRI1 and TRI2 using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (CDI) as an activating agent. He was able to demonstrate a rate enhancement brought about by binding of the two trimers to the HEX template, however, he recognized that the binding constant of the newly formed HEX 2 duplex ought to be much greater than that of the two unreacted trimers. This dead-end duplex formation is one of the great challenges that remain [7] towards achieving sustainable nonenzymatic template-directed oligonucleotide replication. Without an additional input of energy to separate the two strands, further replication comes to a standstill.
A natural question arises, and that is, are these thermodynamic dead ends a necessity of the mechanisms of information copying employed during nonenzymatic template-directed oligonucleotide synthesis? Given the equation of mutual information [21] in terms of entropy discussed earlier, it is possible to make a mathematical statement regarding the energetic cost of information copying with regard to nucleic acid replication, which can provide some insight. Recall that the mutual information I(T, X) contained in the process of monomers aligning in a specific complementary sequence X along a template T is equal [21] to minus the change in entropy ΔS(T, X) between the free and bound states of the monomers. Since ΔS for monomer binding is very likely negative (although never actually directly measured experimentally), this noncovalent reaction will self-evidently never be entropically driven. In order for monomer binding to proceed spontaneously, it must be associated with an appropriately large negative change in enthalpy ΔH such that ΔG, equal to ΔH -TΔS, is negative. As the mutual information and the change in entropy scales [21] with the number of nucleotide monomers, so will the free energy ΔG necessary to make the monomer binding spontaneous.
MIMs such as catenanes and rotaxanes prepared using kinetic template-directed protocols are perhaps the ultimate example of when the reacted product is more stably bound to the template than its substrate precursors. The energy required to separate [12] them is that of the weakest covalent bond in the structure. A case in point is the template-directed synthesis [33] of the homo [2] catenane HC 8+ (Fig. 7) composed of two identical mechanically interlocked CBPQT 4+ rings. The synthesis is templated by self-complementary π-radical-radical interactions taking place between its constituent bipyridinium units in their radical cation (BIPY ·+ ) forms. The final ring-closing step of the acylic precursor 3 ·+(+) is templated by the diradical dication CBPQT 2(·+) ring, producing an exact copy of itself, and encoding one bit of molecular information. In order for the CBPQT 2(·+) ring to produce another copy of itself, the two rings must first be separated. This separation is easier said than done as the two rings are mechanically interlocked. Even after oxidation to its fully charged 8 + state, the [2] catenane HC 8+ remains unperturbed. Fig. 6 The template-directed ligation of a self-complementary sequence HEX from two trimeric precursors TRI1 and TRI2. The two trimers first bind to the HEX template. The presence of CDI as an activating agent facilitates the coupling between the 3′-phosphate of TRI1 and the 5′-hydroxyl of TRI2 at a template-enhanced rate constant k T . The resulting HEX 2 duplex is more stable than the HEX⊂(TRI1, TRI2) complex, and so the reaction eventually comes to a standstill.
Dissociation of the reacted substrates with the template
How can this challenge to replication brought on by dead-end duplex formation associated with templatedirected nucleic acid synthesis be overcome? Let us turn our attention again to synthetic organic chemistry for some insights. One potential source of energy that can be used to separate [65] a template (Fig. 8 ) from its product comes by changing the pH. The synthesis of the CBPQT 4+ ring is commonly templated by π-electronrich donors, one of the most common being 1,5-bis[2-(2-hydroxyethoxy)ethoxy]naphthalene (BHEEN). The association constant [66] of the CBPQT 4+ ring with BHEEN is relatively large (3.
, MeCN, 298 K). By first exchanging the template with an alternative 1,5-bis[2-(2-hydroxyethoxy)ethylamino]naphthalene (BHEAN) template using Le Chatelier's principle, the excess BHEEN and BHEAN can be quickly removed by aqueous extraction with CH 2 Cl 2 or CHCl 3 . Decreasing the pH in order to protonate the amines, the positively charged BHEAN·2H
2+ very quickly is expelled [65] from the cavity of the CBPQT 4+ ring on account of Coulombic repulsion. The free CBPQT 4+ ring can then be precipitated by counterion exchange and collected by filtration. Another example involves the use of redox energy to separate the template from its reacted substrates. The synthesis of the CBPQT 4+ ring can be templated [67] by the redox-active π-electron-rich tetrathiafulvalene (TTF). The Stoddart group has shown that the oxidation of the TTF unit to its radical cation or dicationic form results in its expulsion from the cavity of the CBPQT 4+ ring on account of Coulombic repulsion. In one study (Fig. 9) , the Stoddart group synthesized the TD template containing [68] the TTF unit flanked on either side by oligoethylene glycol chains bearing bulky tert-butylphenoxy groups on their termini. These bulky groups dramatically slow down the rate of threading of the CBPQT 4+ ring onto the central TTF unit. Upon oxidation of the TTF unit, the CBPQT 4+ ring eventually dissociates from the TD ·+ template slipping over the bulking stoppers. Re-reduction of the TTF back to its neutral form reinstates the initial state of the system with a free TD template available for another (potential) round of template-directed synthesis. If the rate of the template-directed synthesis of the CBPQT 4+ ring could be made to outcompete the rate of threading, then perhaps this system could be made to undergo sustained replication, at least with respect to the ring component, by making use of a clever implementation of oxidation and reduction cycles.
The entire fields of supramolecular and mechanically interlocked molecular switches [26, 69, 70] are a testament to the fact that there are numerous examples of how to reversibly dissociate templates from their reacted substrates. In the context of the mechanical bond, however, this reversible dissociation becomes relative intramolecular motion, and has often been exploited to harness the energy from these well-defined nanoscale movements, leading to applications such as molecular muscles [71] , actuators [71] , memory [72] , unidirectional motion [73] [74] [75] and sequence-specific peptide synthesis [76] . For more details about mechanically interlocked molecular switches, see references [26, 69, 70] . In the context of oligonucleotide replication, the most commonly employed method to separate duplexed strands is by thermal denaturation. The rate of Fig. 7 The template-directed synthesis of the homo [2] catenane HC
8+
. Radical-radical recognition between the CBPQT 2(·+) ring and the acyclic precursor 3 (·+)(+) results in a stable inclusion complex that quickly reacts to form the [2] catenane. Even after oxidation to its fully charged 8 + state, the two CBPQT 4+ rings cannot be separated. Fig. 8 The template-directed synthesis of CBPQT 4+ followed by template exchange and removal of the exchanged template. The formation of the CBPQT 4+ ring is templated by BHEEN, which binds more tightly to the BHEEN⊂CBPQT4 + inclusion complex than the acyclic precursor. By adding (1) an excess of BHEAN, the BHEEN can be readily removed (2) by liquid-liquid extraction. Protonation of the amines result in rapid expulsion of BHEAN·2H 2+ from the cavity of CBPQT
4+
, which can then be collected by precipitation.
re-annealing of the two strands once cooled, however, is faster [7] by orders of magnitude than the rate of nonenzymatic synthesis. Clever ways are needed [7] to slow down the rate of annealing of the duplex and/ or increasing the magnitude of the template effect if sustainable molecular replication is to be achieved [77] . 1 
Conclusions and future perspectives
Nucleic acid replication and artificial template-directed syntheses share some fundamental mechanistic features. Each requires an initial binding step that organizes the substrate with respect to the template, and the resulting template-enhanced rate is a consequence of tighter noncovalent binding to the transition-state complex. Although the thermodynamic parameters, i.e., ΔH and ΔS, driving the binding of individual monomers [78] to a template in the absence of enzymes have never been directly measured for DNA or RNA, oliognucleotide duplex formation is nearly always an enthalpically driven process [79] mediated by an entropic penalty, that is, a negative ΔS term, which scales with the length of the duplex. It is highly likely that this negative entropy term is also true for individual mononomer binding, the mechanistic step of which determines sequence specificity and so is directly related to information transmission. Likewise, in the context of supramolecular and host-guest chemistries, binding of a host to a guest is often characterized [80] by a negative change in entropy. Although the thermodynamic parameters governing the binding of synthetic templates to their substrates prior to covalent reaction is less well studied, these binding events also likely proceed at an entropic cost, a large amount of which comes from restricted degrees of translational and conformational freedom of the substrate. It is a commonly held notion these entropic losses in degrees of freedom, leading in particular to conformationally less flexible substrates, is a prominent mechanistic feature which to a large extent is responsible [54, 81] for increasing the rate of the templated reaction. The resulting preorganized product, in which the entropically restricted conformation "lives on" [26] , binds the template stronger than the initial substrate. Applying this reasoning to nonenzymatic replication of nucleic acid, one can make the hypothesis that the negative change in entropy upon monomer binding to the template, a process crucially connected to information copying, is also responsible, at least in part, for increasing the rate of the subsequent covalent phosphodiester bond formation. If polymerization along the template occurs at a enhanced rate, then the resulting oligonucleotide strand will be preorganized to bind with the template, and so dissociation will become even more unfavorable compared to that of the substrate. Because information, template-enhanced rates and the resulting preorganization of the final product are all coupled to the same initial changes in entropy after binding of the unreacted substrates, the resulting thermodynamically dead-end duplexes are an inherent feature of these nonenzymatic mechanisms of nucleic acid replication used to transmit information.
The development of artificial template-directed kinetic protocols beyond nucleic acids capable of realizing a succession of information-encoding, selective reactions along a template has yet to reach its potential. Mechanically interlocked molecules and supramolecular complexes have well-understood mechanisms of switching that allow for the harnessing of the free energy that results from their stimuli-induced relative motions -movements of which in the appropriate contexts can be interpreted as controllable removal and reassembly of the template. Because of this understanding, the realization of these artificial, successive information-encoding protocols, as well as the application of their switching mechanisms to nucleic acid replication, are foreseeable. Likewise, working to optimize the template effects in nonenzymatic nucleic acid replication in order to enhance selectivity as well as rates will provide valuable insights towards achieving artificial systems which can achieve the same information encoding properties. The ability to design, create and control molecular replication in the lab -whether prebiotically plausible or not -will help us understand the origins of life on Earth as well as obtain insights into the likelihood of it arising elsewhere in the universe [14] based on systems outside of the central dogma. 
